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This thesis focuses on developing a novel inductance measurement technique for electric
machines, termed the quasi-static method. The approach is broadly applicable to various
machine types and is particularly effective for measuring the inductance of machines with
highly electrically conducting rotors, for which AC-signal-based measurement approaches
are not applicable. The Axially Laminated Anisotropic Synchronous-Reluctance Machine
(ALASynRM) is a typical instance of machines with highly conducting rotor. Alternating
flux induces eddy currents in a conducting rotor. They interfere with the measurement, and
therefore conventional AC-based techniques cannot yield precise inductance values. The
investigation is motivated by the demand for the actual accurate measured inductance as
function of different rotor positions of a newly developed motor which can be used as a
feedback for further motor design optimization, adjustment of the control algorithm and for
more precise understanding of the motor performance characteristics and load capabilities.

To address this, a new accurate inductance measurement system, which operates at standstill
using quasi-static current injection, thereby mitigating eddy-current effects, has been devel-
oped. Inductance is obtained for various rotor angles spanning an entire mechanical cycle,
enabling harmonic spectral analysis of the inductance variation. The method includes a com-
prehensive uncertainty evaluation that improves the reliability and precision of the results by
taking into account various sources of measurement error.

First, the new technique is simulated with an identical FEM model in the Altair Flux sim-
ulation platform, and then it is experimentally confirmed on a 27 kW high-speed SynRM



prototype with an axially laminated anisotropic high electrically conducting rotor. By high-
lighting the relationship between inductance, rotor position, and measurement uncertainty,
this paper contributes valuable insights that can inform the design and optimization of future
motor systems.



Acknowledgements

This work has been carried out in the Department of Electrical Engineering in the School of

Energy Systems at Lappeenranta-Lahti University of Technology, Finland, 2025.

First and foremost, I would like to express my heartfelt gratitude to my supervisor, Professor

Juha Pyrhönen, for your precious time (you went so far as to spend your precious weekend

time reviewing my thesis), patient guidance, thought-provoking suggestions, and constant

encouragement. Your insightful feedback and high standards shaped my thinking and greatly

improved the quality of this thesis.

Moreover, I am also sincerely thankful to my second supervisor, Associate Professor Ilya

Petrov, for offering me the precious opportunity to write the thesis containing impressive

laboratory experiments and for the time and effort you devoted to instruct me to perform the

measurements in the laboratory, especially during your summer vacation. Your kind attitude,

hands-on mentorship, and practical instructions were irreplaceable for this thesis.

Finally, I wish to thank my parents, Qiyue Ma and Fang Wang, for their steadfast �nancial

support, which gave me the freedom to focus on research. I wish to express my sincere

appreciation to my wife You Li for her understanding, patience, unwavering support, and

optimistic attitude, which helped me get through Finland's long winter with peace of mind

and reminded me to maintain foresight when I encountered setbacks. I am equally thankful

to my parents-in-law for their kindness, understanding, and trust throughout this journey.

Without your love and support, this thesis would not have been possible.

Houyi Ma

October, 2025

Lappeenranta, Finland



Symbols and abbreviations

Latin characters

Lmd d-axis magnetizing inductance H

Lmq q-axis magnetizing inductance H

I current A

Ls s leakage inductance H

Lms average magnetizing inductance H

LDs amplitude of the variable inductance H

U U phase �

V V phase �

W W phase �

Muv mutual inductance between phase U and V H

Muw mutual inductance between phase U and W H

LDs;k amplitude of the variable inductance for the k-th harmonics H

Rph phase resistance of the stator winding W

T �nal time for the induced EMF curve s

N number of the sampling points �

ui induced voltage at i-th sampling point V

P power W

Rs resistance of the stator winding W

j imaginary units �

uq q-axis voltage V

Usph phase voltage of stator V

iq q-axis current V

Ld d-axis inductance H

Lq d-axis inductance H

Qs number of stator slots �

p number of rotor pole pairs �

Te electromagnetic torque N� m

l stator stack iron length mm

ud d-axis voltage V

Ds stator stack iron inner diameter mm

id d-axis current V

Dse stator stack iron external diameter mm

Dr rotor diameter mm

qs slots per pole and phase �



zQ winding effective coil-turns in the slot �

Ns stator coil-turns around the yoke per phase in series �

kw operating harmonic winding factor �

nN rated operating speed krpm

fN rated frequency Hz

PN rated power kW

TN rated torque N� m

Rinf in�nite resistance W

uy absolute uncertainty of �ux linkage �

ui absolute uncertainty of measured current �

uv absolute uncertainty of measured voltage �

uy absolute uncertainty of inductance �

Greek characters

y u �ux linkage of phase U Wb

qr angle of the rotor �

y �ux linkage Wb

y res resultant �ux linkage Wb

p constantp = 3:14: : : �

j k phase shift for the k-th harmonic �

Dt time interval between the adjacent two sampling points s

ws electrical angular velocity of stator winding rad=s

ds load angle of between the stator �ux linkage and d-axis �

Wr mechanical angular velocity of the rotor rad=s

wr electrical angular velocity of the rotor rad=s

k angle of the current space vector measured from the d-axis �

dm load angle of between the magnetizing �ux linkage and d-axis �

y q q-axis �ux linkage Wb

y d d-axis �ux linkage Wb

y md d-axis magnetizing �ux linkage Wb

y mq q-axis magnetizing �ux linkage Wb

x saliency ratio �

F �ux Wb

Subscripts

md d-axis magnetizing



mq q-axis magnetizing

u U phase

s s leakage part of inductance

ms magnetizing part of inductance

Ds subscript of the variable inductance amplitude

r rotor

res result of synthetic

uv between phase U and V

uw between phase U and W

k harmonic order

s stator

e electrical

ph phase

N rated

Abbreviations

MTPA maximum torque per ampere

FW �eld weakening

AC alternating current

EMF electromotive force

LS-SynRM line-start synchronous reluctance machine

LSPMSM line-start permanent magnet synchronous machine

IM induction motor

SynRM synchronous reluctance machine

ALA axially laminated anisotropic

SM synchronous machine

PMSM permanent magnet synchronous machine

PI proportional-integral

HFVI high-frequency voltage injection

PnP plug-and-play

ALASynRM axially laminated anisotropic synchronous reluctance machine

DC direct current

FOC �eld-oriented control

PWM pulse-width modulation

3D three-dimension

FEA �nite-element analysis

2D two-dimension



CC control current priority mode

GUI graphics user interface

FS full scale

FEM �nite-element model

ISO international organization of standardization

GUM guide to the expression of uncertainty in measurement

MCM monte carlo method

FFT fast fourier transform

THD total harmonic distortion
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1 Introduction

Control of electric-drive systems relies on machine models, which describe accurate behavior

of motors across various operating conditions. Magnetizing inductance is a core parameter

in models. It links current to the main magnetic �ux and affects torque and current control.

In modern machines, magnetizing inductance depends on the position of the rotor, current

level, and temperature, so a constant value is not enough.

This thesis develops a quasi-static approach to measure magnetizing inductance in a clear

and practical way. The goal is straightforward: measure rotor-position-related inductance

maps that engineers can use in further research, with basic laboratory equipment.

1.1 Background

Magnetizing inductance is a fundamental parameter in electric-machine modeling and con-

trol because it determines the �ux–current relationship, magnetic energy storage, overload

capability, power factor, and torque linearity. In addition, electric machine inductance is not

a �xed value, but varies with operating point, rotor position, and temperature, and is further

in�uenced by magnetic saturation and cross-saturation effects. (Wu, Tsai & Yao, 2018).

Therefore, accurate operating-point-dependent inductance data are essential for controllers,

which execute e.g. maximum torque per ampere (MTPA) and �eld-weakening (FW) control

over a wide current and speed range, and for applications that are sensitive to torque ripple

(Wang et al., 2020; Husnayain et al., 2023).

Numerous traditional identi�cation methods have been proposed. Small-signal or frequency-

response methods - such as standstill AC testing and high-frequency injection - are partic-

ularly powerful but typically describe only the local, linearized behavior around a chosen

operating bias point. Thereby, they may inadequately capture the large-signal magnetic satu-

ration and cross-coupling effects that are frequently encountered in practical operation (Can-

delo Zuluaga, Riba & Garcia Espinosa, 2021; Li et al., 2020; Pescetto & Pellegrino, 2018).

By contrast, the quasi-static method infers �ux linkage by integrating the terminal induced

electromotive force (EMF) measured on the unexcited phase during the excitation current

sweeps slowly. Because the measurement is performed at a very low frequency and at stand-

still, it is experimentally accessible and well suited to capture large-signal mapping of the

direct- and quadrature-axis magnetizing inductancesLmd, Lmq and associated cross-coupling

terms.

Accurate measurement results depend on several practical factors. Firstly: time-align exci-

tation current and induced EMF, ensure suf�cient sampling bandwidth, and mitigate offsets
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to preserve numerical-integration �delity. Secondly: record the rotor angle and precise po-

sitions of the d- and q-axes, so that the d- and q-axis characteristics can be properly decou-

pled, and slotting-related ripple can be observed. Thirdly: account for magnetic hysteresis

by using consistent preconditioning and recording the current trajectories followed during

the sweeps. Finally: pay attention to the main uncertainty sources - instrument accuracy,

alignment tolerances, and integration drifts - to support traceable, reproducible inductance

measurement data.

1.2 Motivation

Conventional AC-excited inductance measurement methods assume that there are no signif-

icant eddy currents in the rotor. However, machines with a well-conducting rotor pose a

challenge for the standstill measurement of the inductance. Because traditional AC-excited

methods rely on time-varying magnetic �ux, such �ux induces signi�cant eddy currents

within the rotor structure if the machine is equipped with a highly conducting rotor. These

eddy currents depend on position and frequency, disturb the induced EMF, and thus affect

the inferred inductance. As a result, AC-based methods yield apparent frequency-dependent

values that deviate from the actual inductance values for this type of electric machine. The

imprecise inductance measured values will lead to model-plant mismatch and controller de-

tuning, and current decoupling degradation. Consequently, torque and �ux estimation are

biased, making MTPA or FW suboptimal and increasing torque ripple and losses.

Electric Machines with well-conducting rotors or closed rotor circuits, such as line-start syn-

chronous reluctance machine (LS-SynRM), line-start permanent magnet synchronous ma-

chine (LSPMSM), squirrel-cage induction motor (IM), synchronous machines with either

solid rotor core or damper winding, and particularly SynRMs with the ALA rotors, exem-

plify this challenge. Owing to their electrically conducting rotor, conventional AC-excited

methods are not suitable: the induced eddy currents in a solid rotor distort measurements

and compromise accuracy, especially when inductance must be resolved with respect to ro-

tor position.

Moreover, there are numerous optimization approaches available for optimizing different op-

erating characteristics of Synchronous Machines (SMs). For example, Yamada, Sugimoto &

Imae (2022) proposes a method to improve the ef�ciency of Permanent Magnet Synchronous

Machines (PMSMs) by using high space-factor aluminum windings, which reduce the resis-

tance of the winding and losses without increasing the mass of the motor. Similarly, Petrov

et al. (2015) tries to reduce the torque ripple in PMSMs with fractional-slot non-overlapping

windings by changing the widths of stator teeth, thereby modifying the air-gap magnetic per-

meance and smoothing the electromagnetic torque. By adopting topology optimization for
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the rotor design, Credo, Fabri, et al. (2020) enhances the performance of high-speed SynRM

for electric vehicles, achieving improved torque output, reduced torque ripple, and robust

mechanical strength.

In order to validate the effects of the above optimization approaches, accurate measure-

ments of the relevant key motor parameters are required. However, accurate measurement

of the motor's inductance variation across rotor positions is dif�cult–even impossible–using

a typical electric machine measurement setup, which comprises a target motor, a power sup-

plier, a frequency converter, a power analyzer, a torque transducer, etc. These procedures

are time-consuming and resource-intensive, necessitating specialized test setups, including

a frequency converter with custom control and a load machine with very accurate speed and

position control capabilities. In this case, frequency converters are used to properly control

the current and modify the �ux in the machine for inductance evaluation.

Consequently, to overcome the above-mentioned limitations, and to obtain necessary induc-

tance data to validate the results of the optimization approaches, this thesis develops a quasi-

static measurement scheme. By applying slow and linearly changing current to the excitation

circuits at standstill and estimating �ux linkage via induced EMF integration, the procedure

suppresses rotor eddy currents and hysteresis effects and yields accurate inductance data.

Accurate torque models rely on inductance mapped over rotor position and current-vector

angle.

1.3 Traditional measurement methods

In the following three subsections, three traditional methods for measuring motor magne-

tizing inductance are discussed. These approaches have been widely used in both academic

research and industrial applications. Each method offers distinct advantages and limitations,

which are discussed in detail to provide a foundation for the proposal of a better measurement

method.

1.3.1 Traditional standstill approach

For synchronous machines (SMs), inductance is commonly measured by the standstill method,

where the rotor is locked at various positions to determine its dependence on rotor position

and current-vector angle(Candelo Zuluaga, Riba & Garcia Espinosa, 2021; Li et al., 2020).

However, this method relies on injecting an alternating current, which induces alternating

magnetic �ux in both the air gap and the rotor core. As a result, this approach is not suit-

able when the rotor includes conductive components, particularly solid metal parts. Because

signi�cant eddy currents are induced, they distort the measurement and result in too low

inductance values.
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Even with transversely laminated rotors, the hysteresis behavior of the magnetic materials of

the stator and rotor, especially under high-frequency excitation, can lead to increased losses

and affect the measured inductance values (Singh et al., 2024). Therefore, axially laminated

solid rotors with high electrical conductivity elements limit the applicability of AC-based

inductance measurement techniques.

1.3.2 Harmonic response analysis approach

Pescetto & Pellegrino (2017) presents a SynRM harmonic response standstill commission-

ing method. Injecting alternating voltage signals and analyzing the corresponding current

response are used to automatically identify the key parameters of motor drives - for ex-

ample, the inductance of the d–q axis, the PI controller gain and dead-time compensation.

The process is fully automatic, requires no rotor movement or mechanical sensors, and uses

a performance-based cost function to guide parameter tuning. The enhanced version im-

proves robustness and accuracy by supplying high-frequency voltage injection (HFVI) to

better extract magnetic saliency, particularly under conditions such as magnetic saturation or

mechanical misalignment (Pescetto & Pellegrino, 2018).

The approach offers key advantages: it is plug-and-play (PnP), sensorless, and robust against

variations in motor type or environment. And it also provides detailed harmonic analysis.

However, limitations include possible electromagnetic interference from HFVI, moderate

computational demand, particularly this approach becomes problematic in the presence of

solid rotor components, where induced eddy currents distort the results and reduce mea-

surement accuracy, while it is effective in motors with transversely laminated cores or non-

conductive rotors.

1.3.3 Self-commissioning approach

Hinkkanen et al. (2017) propose a method to identify the inductance characteristics of syn-

chronous reluctance machines at standstill without requiring rotor locking or position sen-

sors. The approach injects alternating-voltage signals on the d- and q-axes to measure the

resulting current responses, from which the �ux–current relationship is estimated. By care-

fully designing symmetric current waveforms, the method minimizes the average torque and

rotor speed during injection, enabling a fully sensorless self-commissioning process suitable

for plug-and-play applications.

In contrast, Lee, Joo & Yoon (2022) builds on similar principles, but introduces a more

re�ned injection strategy to further suppress rotor displacement. Speci�cally, it actively can-

cels not only the integrated torque (to prevent speed drift) but also the double-integrated

torque (to prevent position drift), by injecting current in both directions with matched wave-
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form parameters. Moreover, the injection voltages are automatically calculated based on

previously measured inductance values, improving consistency and accuracy. As a result,

this method achieves greater precision in identifying the machine's magnetic model, espe-

cially under conditions where even small rotor movements could degrade the accuracy of the

estimation.

Although the self-commissioning approach eliminates the need for external rotor locking

device and simpli�es the practical measurement process, it relies on the use of alternating

voltage that generates alternating �ux with respect to the rotor that is unsuitable for motors

with solid elements or signi�cant hysteresis effects.

Modern converters can also run the motor at no load and measure the synchronous induc-

tance on the d-axis. It is also possible to excite the rotor q-axis synchronously to be able to

evaluate the q-axis synchronous inductance. This approach is, however, dif�cult especially

in high-speed applications where vector control maybe is not valid as the rotor position is

not measured making the approach very dif�cult.

1.3.4 Conclusion of traditional approaches

These limitations highlight the challenges of accurately measuring inductance in motors with

solid components, where conventional AC-based methods struggle to provide reliable results

due to the presence of �ux disturbances and core losses. Moreover, these methods integrate

power-supply with measurement circuits, which will either degrades measurement accuracy

or necessitates the use of costly, high-precision equipment (Ertan & Sahin, 2012).

1.4 Methodology and research objectives

The method proposed in this paper is referred to as the quasi-static approach. To achieve this,

the three-phase winding of the motor is divided into two parts: two phases are combined to

form an excitation circuit, while the third phase is left separated to detect any back EMF

induced in it. In this approach, a speci�c quasi-static current is injected into the excitation

circuit, generating slowly changing alternating magnetic �ux within the motor system. The

induced EMF is then measured in the sensing circuit, and rotor-position-dependent induc-

tance variation is subsequently calculated. This method enables an accurate determination

of the inductance values as a function of the rotor position (Mari et al., 2025).

1.4.1 Proposed methodology

This methodology addresses issues related to eddy current effects by using a quasi-static

approach in which the measurement current is gradually increased in small increments and
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suf�cient time is given for eddies to attenuate. This allows for accurate inductance measure-

ments, including in motors with solid electrically conducting components. (Credo, Petrov,

Abramenko, et al., 2023).

An additional bene�t of the proposed method is its independence from temperature varia-

tions. Because any resistance changes in the windings are compensated for by the controlled

power supply maintaining the speci�c current. In addition, the winding that is used for

sensing the �ux variation is not affected by the temperature variation because there is no sig-

ni�cant current in the sensing winding and it is only used as a �ux sensor. The ALASynRM

is used as a case study because its solid rotor signi�cantly complicates standard AC-based

inductance measurements.

To clearly outline the advantages of the proposed method compared to existing techniques,

Table 1 is provided below (Mari et al., 2025). As highlighted in Table 1, traditional meth-

ods struggle to provide reliable results for ALASynRMs due to solid rotor components. The

proposed method addresses these challenges, offering a robust alternative for accurate induc-

tance measurement in motors with such complexities.

1.4.2 Research objectives

The proposed approach is applied to an ALASynRM, whose performance is highly sensitive

to accurate inductance characteristics. This method also enables the assessment of induc-

tance variations caused by permeance changes, primarily resulting from slotting, which in-

directly indicate potential rotor losses due to the �uctuations of �ux density within the solid

rotor. In addition, high-order inductance harmonics induce torque ripple, which in turn pro-

duces vibration and noise. Accordingly, the harmonics arising from slotting and associated

structural elements should be quanti�ed and veri�ed.

The proposed method is applicable to all motors with distributed windings, including PMSMs,

ALASynRMs, Induction Motors (IMs), etc. For these motor types, it is crucial to accurately

determine inductance parameters for control purposes in variable-speed systems; all of these

motor solutions present solid elements in the rotor that can affect the standard method for

inductance estimation. These elements may induce a magnetic �ux that opposes the main

�ux variation, resulting in a measured inductance value lower than the actual one.

The novelty of this study lies in validating a recently introduced inductance measurement

method for distributed winding motors in drum winding motor with the analysis of its uncer-

tainty, particularly for applications where traditional methods fail due to rotor solid elements

or damping windings.
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Table 1: Comparison of Different Inductance Measurement Approaches for Synchronous
Machines

Technique Principle Advantages Limitations
Standstill Method Measures inductance

at �xed rotor positions
using AC

- Simple to implement
- Effective for traditional
rotor cores

- Unsuitable for solid and
electrical conductive rotors
or essential hysteresis
effects
- Unsuitable for high-
frequency excitation
signals

Converter-based
Method

Use converter to inject
known voltage signals,
measure the current
reponse, and estimate
operating-point-
dependent inductances

- No extra instrumenta-
tion needed
- Closer to actual operat-
ing conditions

- Cannot provide induc-
tance as a function of rotor
angle
- Not suitable for motors
with highly conductive ro-
tors

Harmonic Response
Analysis

Injects AC signals into
the stator to measure
electrical parameters
based on harmonic
content of correspond-
ing current response

- Provides detailed har-
monic analysis
- plug-and-play
- sensorless
- robust against varia-
tions in motor type or en-
vironment

- Eddy currents and hys-
teresis reduce accuracy in
motors with solid rotor el-
ements.
- Not suitable for motors
with conductive rotor parts
- moderate computational
demand

Self-Commissioning
Method

Uses AC at stand-
still to determine in-
ductance and other pa-
rameters

- Without requiring
external rotor locking
mechanisms
- Can achieve greater
precision
- plug-and-play
- sensorless

- Relies on AC, unsuitable
for motors with conductive
rotors or signi�cant hys-
teresis

Proposed Method Quasi-static current in-
jection combined with
uncertainty analysis to
measure inductance.

- Accurate even in
motors with solid rotor
components or high
hysteresis.
- Minimizes eddy cur-
rent and hysteresis
effects.
- Provides compre-
hensive uncertainty
evaluation.
- Allows to detect an
accurate inductance
variation at different
rotor positions caused by
saturation and slotting
effects.

- Requires specialized
equipment for current
control and measurement
integration
- need special postprocess
algorithms

The proposed approach also helps estimate the manufacturing effects that affect motor per-

formance (Credo, Petrov, Pyrhönen, et al., 2023; Sundaria et al., 2021). Furthermore, inte-

grating a detailed uncertainty assessment method that accounts for Type A and uncertainties

improves the reliability of the measurement (Mari et al., 2024).
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1.5 Structure

The thesis comprises six sections.

� Chapter 1 is an introduction part, which describes the background and motivation of

the research, evaluates traditional measurement approaches, proposes a new method-

ology, and lists the research objectives.

� Chapter 2 describes the theoretical foundation of the quasi-static approach

� Chapter 3 is focused on the introduction of SynRM theory, traditional structure of

SynRMs and the structure of ALASynRMs.

� Chapter 4 describes the Altair Flux �nite-element simulation of the proposed method

and presents the corresponding results.

� Chapter 5 is used to show the experimental setup, the measurement results, and a

relevant analysis.

� Chapter 6 is conclusion and future work part. Some conclusions are drawn from the

comparison between simulation and experimental results. Meanwhile, some future

work topics are introduced for improving the proposed method.
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2 Quasi-static approach for inductance measurement

Conventional inductance measurement methods for minimal rotor conductivity SynRMs are

typically performed at standstill using high-frequency excitation signals, which are unsuit-

able for solid-rotor designs due to rotor eddy currents that oppose the stator-generated al-

ternating �ux (Candelo Zuluaga, Riba & Garcia Espinosa, 2021; Li et al., 2020; Pescetto &

Pellegrino, 2017; Pescetto & Pellegrino, 2018; Hinkkanen et al., 2017; Lee, Joo & Yoon,

2022). In order to address this issue, the quasi-static inductance measurement method of

SMs is adopted in this thesis (Credo, Petrov, Abramenko, et al., 2023). The details of this

approach are presented in the following subsections.

The �rst subsection outlines the idea and conceptual development of the proposed method,

followed by the second subsection, which elaborates its theoretical foundations. The �nal

subsection then details the practical aspects of implementing this method, with a focus on

the con�guration of the measurement circuit connections.

2.1 Origins of the methodology

The in�uence of eddy currents decreases with lower frequencies of excitation signals. In

principle, inductance measurements can be performed using rotating or pulsating �ux at very

low frequencies. According to this idea, to reduce the impact of eddy currents while improv-

ing the accuracy and reliability of the measurement results, Credo, Petrov, Abramenko, et al.

(2023) proposed a new approach, considering a quasi-static measurement method to mini-

mize the impact of the solid element on the rotor during inductance measurement. When

the supplied current has a very low frequency, there is time to let the induced eddy currents

in the solid elements attenuate, and therefore they can be neglected, guaranteeing a minimal

impact in the inductance measurement.

The method is also capable of determining rotor position-dependent inductance, and pro-

vides, therefore, additional information about the machine performance characteristics com-

pared to the other methods. By employing a small position step to evaluate the magnetizing

inductance with high resolution over a complete electrical period, its derivative can be cal-

culated. This, in turn, enables assessment of the torque quality of a machine under different

load conditions. Moreover, it is possible to reach a very high current level during the mea-

surement. It allows studying the effects of saturation on machine performance (Credo, Mari,

et al., 2024).

This approach is applied to evaluate the inductance characteristics of ALASynRMs while

also de�ning possible measurement uncertainties (Mari et al., 2024). In addition, it enables
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the assessment of inductance variations arising from permeance changes, which are often

linked to stator–rotor slotting effects. Such variations not only indicate potential rotor losses

due to �ux density �uctuations and associated eddy currents but also serve as an indicator of

torque ripple under various load conditions. Another advantage of the method is that it does

not require auxiliary windings, such as excitation or sensing windings, since all measure-

ments rely solely on the standard three-phase armature. As a result, the process is simpli�ed

while still allowing the separation of the power supply and measurement circuits, thereby

improving accuracy without adding signi�cant complexity.

The method adopted in this thesis is applicable not only to machines equipped with conven-

tional rotors but also to machines that include solid electrically conducting rotor elements,

where traditional high-frequency techniques fail. This choice is also motivated by the ma-

chine's strong dependence on inductance characteristics. They directly determine the perfor-

mance of ALASynRMs.

2.2 Theoretical foundation

The inductance measurement method proposed for this kind of machine is derived from the

vector approach. When a balanced three-phase current is applied to the stator windings

U, V and W, the current vector can be oriented at a speci�c angle at which the one phase

instantaneous current is zero, thereby ensuring that the resultant current linkage is entirely

produced by the remaining two phases. By choosing a current phase angle at which one

phase current is zero, the excitation is limited to two phases, enabling identi�cation of the

synchronous inductance. To align the �ux linkage with the sensing phase as shown in Figure

1, the winding con�guration must be adjusted.

The method is based on the fact that the three phases are symmetrically separated by 120

electrical degrees and mutually coupled. For the three phases U, V, W, a slowly varying

current is circulated between phases V and W, and the induced electromotive force (EMF)

on phase U is used to determine the inductance arising from the mutual coupling. From the

equation of SynRM, the �ux linkage of phase U, when a currentI �ows through phase U

while the other two phases carry no current, can be expressed as follows (Boldea, 1996):

y u (I ; 0; 0) = [ Lss+ Lms+ LDscos(2qr)] � I (1)

wherey u (I ; 0; 0) is the �ux linkage of phase U generated by the currentI �owing in phase

U alone,Lss denotes the leakage inductance,Lms is the average magnetizing inductance at

the air-gap, andLDs is the amplitude of the variable inductance as a function of rotor position
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Figure 1: Current linkage vectors

qr. When phase U is unexcited and currentI �ows in phases V and W serially, and then �ux

linkage associated with phase U can be expressed as:

y u (0; I ; I ) = Muv � I + Muw � I (2)

Here,y u (0; I ; I ) represents the phase-U �ux linkage generated by the excitation currentI

is applied to phases V and W,Muv andMuw denote, respectively, the mutual inductances of

U with V and of U with W.. The mutual inductances can be de�ned as the following two

equations:

Muv = ( Lms+ LDs) � cos
�

2qr +
2
3

p
�

= �
Lms

2
+ LDscos

�
2qr +

2
3

p
�

(3)

Muw = ( Lms+ LDs) � cos
�

2qr �
2
3

p
�

= �
Lms

2
+ LDscos

�
2qr �

2
3

p
�

(4)

Thus, Equation 2 can be rearranged as follows:

y u (0; I ; I ) = [ � Lms� LDscos(2qr)] � I (5)
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Equations 1 and 5 are quite similar, the only differences are the sign and the inclusion of

phase leakage inductance, which occurs only when a phase's �ux is generated by current in

its own winding

The model just represented by Equation 1 and 5 only accounts for the fundamental com-

ponent of the spatial distribution of the inductanceLDs, assuming that it is independent of

the rotor position. Equations 1 and 5 can be reformulated by considering the Fourier series

expansion of the variability ofLDs as a function ofqr as:

y u (I ; 0; 0) =

"

Lss+ Lms+
n

å
k= 2

�
LDs;k � cos(kqr + j k)

�
#

� I (6)

y u (0; I ; I ) =

"

� Lms�
n

å
k= 2

�
LDs;k � cos(kqr + j k)

�
#

� I (7)

where,k represents the harmonic order, whilej k is the phase shift for thek-th harmonic.

According to Equation 6 and 7, the inductance of phase U can be measured by applying

a slow-dynamic current with the same amplitude and sign to both V and W phases, then

integrating the resultant EMF on phase U caused by the mutual coupling effect. A key

advantage of this method is the separation of excitation and measurement circuits, which

minimizes the impact of phase and connection resistances on the measurement accuracy.

In addition, a big difference in voltage and current magnitudes between the excitation and

sensing circuits makes such separation essential to achieve the required accuracy without

relying on costly instrumentation.

2.3 Connection method

The equivalent circuit of the experiment setup for inductance measurement is illustrated

in Figure 2. In this diagram, phase V and W are supplied by the same amplitude currentI

�owing in the same direction, producing a magnetic �ux linkage with the amplitudey whose

vector components are plotted in Figure 1.

During measurement, the ITECH Regenerative Power System IT6018B-1500-40 is used to

supply the controlled current with an uncertainty of6 0:01% Full Scale (FS) to Phase V and

W which are connected serially to generate the resultant �ux linkage (Itech Product Manual

Team, 2021). This device can supply a high-precision quasi-static current with ramped dy-

namics, therefore minimizing the effects of opposing �ux linkage caused by the eddy current
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within the solid rotor. The current within the excitation phases leads to a corresponding �ux

linkagey res, which induces the EMF in phase U.

Figure 2: Equivalent circuit for phase inductance measurement

Figures 3 and 4 illustrate the slow-dynamic currents, applied with different linear rise times

(1s, 0.5s, 0.25, 0.15s and 0.1s) with the same target current value of 30 A to the excita-

tion windings, along with the corresponding induced EMF at rotor positions of 0� and 90� ,

respectively. These two positions were selected because they represent the most critical op-

erating points of the motor: at 0� (d-axis), the inductance reaches its maximum as the �ux

linkage follows the path of minimum reluctance, whereas at 90� (q-axis), the inductance is

minimized due to the �ux encountering maximum reluctance. These positions are well estab-

lished in electrical machine analysis as fundamental for characterizing inductance variation

with rotor position.

The quasi-static current is measured by the ROHDE & SCHWARZ RT-ZC20 current probe,

which provides the sensitivity error of� 1% of the DC characteristics, while the induced

EMF in phase U is recorded with the ROHDE & SCHWARZ RTB2004 digital oscilloscope

using the single triggered mode. According to the induced EMF measurement data, the �ux

linkage of phase U can be determined by:
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Figure 3: Different slope currents and corresponding induced EMF, with the rotor locked at
direct-axis

y u (0; I ; I ) =
Z T

t= 0
u(t) � dt �=

N

å
i= 0

ui � Dt (8)

Although the phase U leakage inductance appears in the above modeling Equation 6, leakage

inductance is not included in our measurement results because the approach relies on mutual

coupling, with excitation current present only in phases V and W as described in Equation 7.

Therefore, based on the terminal steady-state currentI at the end of the ramp, the inductance

is given by the following equation:

L(qr) = Lms+
n

å
k= 2

�
LDs;k � cos(kqr + j k)

�
= �

y u (0; I ; I )
I

(9)

Using 2� angular measurement steps allows achieving a precise capture of inductance as a

function of the angular position of the rotor. The approach enables not only the determination

of the fundamental component of the spatial inductance distribution but also the identi�cation

of higher-order harmonics. In addition, the measurements were performed with the motor

locked at the desired position by means of a brake mechanism. The brake mechanism is

illustrated in Figure 8.

Although the mathematical model varies with different motor types, the proposed method

remains universally applicable. The magnetic saturation effects are analyzed through the

non-linear relationship between �ux linkage and current, modeled using Equations 1, 5, and
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Figure 4: Different slope currents and corresponding induced EMF, with the rotor locked at
quadrature-axis

their Fourier series expansion Equations 6 and 7. This thesis focuses on the evaluation of the

absolute inductance, de�ned as the ratio of �ux linkage to current. While not explicitly inves-

tigated here, the proposed method establishes a solid basis for advanced control strategies and

optimization algorithms, including controller parameter tuning, torque–current optimization,

and �eld-weakening techniques.
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3 Axially laminated anisotropic SynRM

Because the proposed measurement methodology will be validated by identifying the in-

ductances of an ALASynRM prototype available at LUT laboratory, this chapter provides a

detailed overview of SynRM fundamentals and presents the speci�cations and implementa-

tion details of the prototype under test.

The ALASynRM was proposed by Cruickshank, Menzies & Anderson (1966) to obtain a

higher torque-to-current ratio compared to transversally laminated Synchronous Reluctance

Machines (SynRMs). The typical ALASynRM manufacturing method combines magnetic

and non-magnetic layers bonded by non-magnetic bolts or resin, but such a construction has

limited mechanical strength and thereby the maximum achievable speed remains low (Credo,

Petrov, Abramenko, et al., 2023). On the other hand, advanced manufacturing methods, such

as hot isostatic pressing, vacuum brazing, can ensure the rotor is as strong as a solid piece of

steel, allowing to reach higher speed. The ALASynRMs built in this way represent a novel

option for high-speed use and may challenge solid-rotor squirrel-cage high-speed induction

machines. (Abramenko, Petrov, et al., 2020).

This chapter �rst introduces the fundamental operating principle of SynRMs. The subsec-

tion addresses the associated vector diagram and equivalent circuit representation, which

are essential for analyzing the performance of SynRMs. Finally, the subsection introduces

the structural aspects of the ALASynRM experimental prototype in detail, focusing on both

the stator and the rotor. For the stator, in addition to its conventional components, special

attention is given to the drum winding con�guration, which plays an important role in the

machine's performance. On the rotor side, a detailed overview is provided, focusing on the

selection of materials and the key manufacturing aspects that in�uence its performance and

reliability.

3.1 SynRM operation principle

The operation principle of a SynRM can be explained by the principle of minimum magnetic

energy. The mathematical formulation of torque production derived from this principle is

well established in Pyrhönen, Hrabovcova & Jokinen (2009).

The rotor of a SynRM exhibits magnetic anisotropy, which is typically manufactured by

shaping the rotor using either magnetic materials alone or a combination of magnetic and

nonmagnetic materials. This principle is illustrated in Figure 5 with a simple two-pole

anisotropic rotor placed in an external magnetic �eld. The d- and q-axes correspond to

the directions of minimum and maximum reluctance, respectively—lowest along d, highest
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along q. As shown in Figure 5a, when the applied �eld is not aligned with either axis, the

�ux path distorts and a torque arises that tends to align the rotor. In Figure 5b, when the �eld

aligns with the d-axis (minimum reluctance), the �ux enters with least magnetic resistance

and no torque is produced. This tendency of the rotor to align its d-axis with the applied

magnetic �eld underlies the torque production in a SynRM.

Figure 5: Operation principle of SynRM

In simple terms, when an anisotropic rotor is neither aligned nor perpendicular to an external

magnetic �eld, it is subjected to an electromagnetic torque that aligns the rotor with the �eld,

thereby minimizing the magnetic energy of the system. When a three-phase stator windings

are energized to generate a rotating magnetic �eld, this torque drives the rotor to align its

d-axis with the applied �eld. This principle forms the basis for the SynRM operation.

The output of a SynRM depends on the inductance difference between the d- and q-axes and

can be expressed via the load-angle equation. Neglecting stator resistance voltage drop, it be

simpli�ed to:

P = 3U2
sph

Ld � Lq

2wsLdLq
sin2ds = 3U2

sph

1� Lq
Ld

2wsLq
sin2ds (10)

The equation indicates that to achieve maximum power, the difference between the d-axis

and q-axis inductanceLd � Lq should be maximized, while the productLdLq should be as

small as possible. In practical terms, this requires maximizing the d-axis inductance and

minimizing the q-axis inductance. Ideally, the motor can produce its maximum torque at the

load angleds = 45� , although effects such as magnetic saturation lead to deviations from this

theoretical value (Pyrhönen, Hrabovcova & Semken, 2016).

The torque generated in a SynRM is also determined by the difference between the d-axis

and q-axis inductance values. This relationship is mathematically expressed by the torque
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equation derived from the power divided by the mechanical angular speed as shown in the

equation below:

Te =
P
Wr

= 3U2
sph

1� Lq
Ld

2wsLq

p
wr

sin2ds (11)

3.2 Vector diagram and equivalent circuit of SynRM

Analysis of a SynRM in the rotor reference frame (dq-coordinate) is preferred because the ro-

tor's magnetic anisotropy is aligned with the rotor reference frame axes, making inductance

Ld andLq constant, converting sinusoidal variables into DC-like quantities under steady state,

and simplifying the torque equation into a compact form. The transition from a three-phase

stator reference frame to a two-phase rotor reference frame is implemented with Clarke trans-

formation and Park transformation. In the dq-coordinate, the d-axis is aligned with the rotor's

minimum reluctance direction, while the q-axis corresponds to its maximum reluctance di-

rection. A vector diagram of a SynRM in the rotor reference frame is shown in Figure 6

(Pyrhönen, Hrabovcova & Semken, 2016).

Figure 6: Vector diagram of a SynRM in the stator reference frame and in the dq-coordinate

Moreover, this approach both re�ects the physical principle of reluctance torque produc-

tion and facilitates the application of control strategies such as maximum torque per ampere

(MTPA) and �eld-oriented control (FOC). It also simpli�es the comprehension of relations
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between the rotor structure and the parameters, which are used for the mathematical model-

ing of SynRM. Although there will always be some damping characteristics in any type of

rotor as a consequence of its inherent electrical conductivity, effective damping only takes

place in transients. The damper winding components are skipped here for simplicity. Figure

7 illustrates the equivalent circuit of a corresponding two-axis model for a SynRM in the

dq-coordinate system. As usual, iron losses are neglected. All of the following equations are

quoted from Pyrhönen, Hrabovcova & Semken (2016).

The voltage equations with supply electrical angular velocityws for the equivalent circuit of

Figure 7 are written as follows:

ud = Rsid + jwsLss id +
dy md

dt
� wry q (12)

uq = Rsiq + jwsLss iq +
dy mq

dt
+ wry d (13)

The �ux-linkage components are

y d = Ldid = ( Lmd+ Lss )id (14)

y q = Lqiq = ( Lmq+ Lss )iq (15)

The torque equation can be written in vector form based on the magnetizing �ux and stator

current cross product and in scalar form respectively.

TTTe =
3
2

p(yyy m � iiis) (16)

Te =
3
2

p(y md � iq � y mq � id) =
3
2

p(Lmdidiq � Lmqiqid)

=
3
2

pidiq(Lmd � Lmq) =
3
4

pi2s(Lmd � Lmq) sin(2k )
(17)

According to Equation 17, the maximum torque is achieved when the current anglek equals
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to 45� . This scalar torque equation 17 is valid when the motor is supplied with current

sources. However, a SynRM is usually supplied by a voltage source frequency converter

with different control strategies, where the �nal target of the voltage control is to realize

the appropriate instantaneous current vector. Control strategies are selected by means of a

certain current anglek (Pyrhönen, Hrabovcova & Semken, 2016).

Figure 7: Equivalent circuit of SynRM in rotor reference frame

There exist three methods to keep the anglek constant between the space vector of the stator

current and the d-axis of the rotor:

� fastest torque response control

� maximum torque per ampere control

� maximum power factor control

The fastest torque response control allows for the fastest reaction to a load change. Such a

control method can be bene�cial in applications with fast torque changes. The highest rate

of change for torque results whenk is

k = arctan(
Ld

Lq
) (18)

One of the most popular control strategies is to keepk at 45� , which should provide the

MTPA control when no saturation takes place. MTPA minimizes the stator current amplitude

for a given torque, and therefore minimizes the stator winding copper losses. In some motors,

k can be kept larger than 45� to reduce the motor air-gap �uxy m due to the decrease of d-

axis �ux linkage y md, and thus, iron losses. In principle, if the motor is designed with a

small share of iron losses to the total losses, and if no saturation takes place, then the MTPA

control should be the best from the viewpoint of ef�ciency.
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The maximum power factor control strategy can be applied when the apparent power of the

frequency converter is limited to a certain level. Therefore, the motor should be controlled

at such a point that does not require more apparent power than the converter allows. As

Equation shown, maximum power factor is achieved when the anglek is

k = arctan

s
Ld

Lq
(19)

3.3 ALASynRM experimental prototype

In order to investigate the effectiveness of the proposed method, experimental measurements

are carried out on an ALASynRM prototype, which was designed and constructed in LUT

University, as illustrated in Figure 8. This prototype allowed for systematic testing under

controlled conditions, enabling accurate evaluation of the proposed measurement method

and providing experimental data to validate the theoretical analysis. The main parameters of

the prototype are given in Table 2.

Figure 8: Overview of the experimental ALASynRM prototype

3.3.1 Stator structure

The stator of the ALASynRM prototype differs from that of a conventional three-phase AC

machine in terms of its winding con�guration. Instead of employing the typical distributed
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Table 2: Main parameters of the experimental ALASynRM prototype

Parameter Symbol Unit Value
Number of stator slots Qs 24

Number of rotor pole pairs p 1
Stator stack iron length l mm 60

Stator stack iron inner diameter Ds mm 41.7
Stator stack iron external diameter Dse mm 151

Stator tooth height mm 27
Air gap mm 0.85

Rotor diameter Dr mm 40
Slots per pole and phase qs 4

Winding effective coil-turns in the slot zQ 8
Number of stator parallel branches a 2

Stator coil-turns around the yoke per phase in series Ns 32
Winding type: Drum winding q = Qs

2mp 4
Operating harmonic winding factor kw 0.966
Copper wire area, solid square wire mm2 3.14

Stator skewing angle � None
Winding connection method Star

Stator core material NO20
Rotor layer ferromagnetic material S355MC

Rotor layer austenitic material Inconel® 600
Stator semi magnetic wedges Magnovel

Rated operating speed nN krpm 100
Rated frequency fN Hz 1667

Rated power PN kW 27
Rated torque TN Nm 2.59

Rated phase voltage (RMS) Uph V 230
Rated phase current (RMS) Iph A 60

Phase DC resistance at 100� C Rph W 0.024

or concentrated windings, the prototype has a double-layer short-pitched distributed drum

winding, as illustrated in Figure 9. The initial motivation for selecting the drum winding was

speci�cally to enhance the dynamic performance of the rotor.

A drum winding offers several advantages that make it particularly suitable for high-speed

electrical machines. First, by immersing the end windings in oil, effective cooling can be

achieved, which contributes to higher power density. Second, drum winding addresses ro-

tordynamic challenges: traditional winding con�gurations produce long end windings that

increase the rotor shaft length and introduce dynamic instability, whereas the drum wind-

ing shortens the end windings, enabling a more compact shaft and improved rotor dynamic

behavior. Furthermore, machines equipped with drum windings are typically designed to

minimize the overall length. This further improves the volumetric power density (Vostrov

et al., 2025).

In the prototype stator, drum windings are a well-established form of stator winding arrange-

ment, in which the active sides of the coils are placed axially within the stator slots, while the
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